Sputter-etching was applied to type 303, 304, 430 and 420 stainless steels to form conical or ring-shaped protrusions on the surface, and the tensile test of the substrate with protrusions, the press and scratch tests of protrusions were carried out. The tensile test shows that the conical protrusion is ductile, and the delamination and dropping out of the protrusions from substrate never occur before fracture of the substrate. The press test of the protrusions reveals that the conical protrusion is so strong to form deep hole on the counter rod of aluminum alloy although the tip of the protrusion is flattened. The scratch test of the surface with conical protrusions shows a large change of friction force with increasing scratch distance, whereas relatively small change of friction force for ring-shaped protrusions due to a smaller height and a narrow space between each ring wall. The maximum scratch force for a typical conical protrusion is about 40mN.
Introduction
Sputter-etching has been widely used not only to draw ultra-fine patterns on semiconductor films using a mask like photo-etching to fabricate LSI but also to obtain a smooth surface on materials similar to electrolytic-polishing of metals. In some cases, conically-shaped protrusions are formed on the surface of materials by sputter-etching (1) (2) .
The reasons for this phenomenon have been attributed to the surface irregularity and the variation of sputtering rate with angle of ion incidence, the selective etching of a specific crystal plane, the masking effect of impurities, precipitates and inclusions in the metals, etc.. The authors (3) - (9) have already reported that the conical protrusions are formed by sputter etching of the surface of austenitic and ferritic stainless steels, Cr-Mo low-alloyed steel and W-Cr-V tool steel. In the case of tool steels with high carbon content and carbide-forming elements, submicron-sized fine conical protrusions are formed uniformly. For the type 304 austenitic stainless steel with low carbon content, the carbides precipitate mainly along grain boundaries when the sputtering energy is low, as is often observed in a sensitizing treatment. However, when the sputtering energy is high or the sputter-etching time is long, the carbides also precipitate uniformly within grains on the surface. According to the EDX analysis of a conical protrusion that has grown to a diameter of about 10µm, the Cr and Ni contents of the surface of protrusion is about 34.5% and 2.2 % while those of interior of protrusion are 21 and 7.6 % which are near to those of substrate (Cr: 16%, Ni: 8.0%), i.e. the protrusion has double structure (6) . This was confirmed by a corrosion test of the surface with protrusions where only the outer Cr-rich layer of the protrusion remained and the inside dissolved into solution (6) .
The unique shape of these protrusions can be used for surfaces having special electrical, optical, chemical or mechanical functions. Very fine protrusions are suitable for an electron emitter, and an absorber of visible rays and infrared light. The wide surface area of protrusions will be used as catalysis or its support. Rolls with sharp protrusions will be used to carry thin polymer film and paper due to their high friction. Another mechanical use is the coating of wear resistant film on various kinds of tools or dies with surface protrusions. Large anchor effect of protrusions will prevent the delamination of film under repeated contact load. The author (8) has already confirmed this effect for silver film on a stainless steel wire receiving bending. Whatever purpose the surface with protrusions is used, the strength of protrusions is very important. The authors (7) have already reported that the protrusions formed on the type 304 stainless steel never drop out from surface during tensile plastic deformation of the substrate even when fracture of the specimen occurs, which means that the protrusions adhere strongly to the substrate. In addition, the layer with fine protrusions formed on a W-Cr-V tool steel has high resistance to the nano-indentation (9) . In the present research, the tensile test, the press test and the micro-scratch test are carried out to examine the deformation behavior of the protrusions.
Method
The materials used for experiments were commercially supplied type 430 ferritic stainless steel, type 303 and 304 austenitic stainless steels, and type 420 martensitic stainless steel. The type 420 steel was not heat-treated. The specimen with 1mm thickness was placed on a stage of RF magnetron sputter apparatus. After the vacuum in the chamber reached a pressure lower than 6×10 -3 Pa, argon gas (purity: 99.999%) was introduced and maintained at a pressure of 0.67Pa. The sputter-etching of the specimen was carried out for 0.6-7.2ks with a power input of 250W. In the tensile test, the force was applied parallel to the specimen surface. In the press test, on the other hand, the force of 4000N was applied perpendicular to the specimen surface with protrusions by using an aluminum alloy rod (A5052) of 9mm diameter. The rod has a Brinell hardness (Ball:10mm diameter, Load: 5000N) of 65 and yield strength of 118 MPa. The scratch test was carried out using a micro-scratch tester (CSM Instruments) at a scratch speed of 10mm/min and a loading speed of 10mN/min from an initial load of 0.1mN to a maximum load of 50mN. The top radius of a diamond scratch cone is 10µm and the top angle is 90 degree. Figure 1 shows examples of conical protrusions formed on the type 430 stainless steel for sputter-etching time of 600s and 2.7ks. When the sputter etching time is short ( Fig. 1(a) and (b)), the protrusions are formed mainly along grain boundary. The size of protrusions is small and the tip of protrusions is not so sharp at this stage. When the sputter etching time is increased to 2.7ks ( Fig. 1(c) and (d)), they grow to large and sharp conical protrusions. Figure 2 shows examples of protrusions formed on the type 304 austenitic stainless steel. When the sputter-etching time is 1.8ks ( Fig. 2(a) and (b) ), the conical protrusions are formed. However, when the sputter etching time is 3.6ks (Fig. 2(c) ), the protrusions have holes and further sputter-etching for more than 5.4ks results in the formation of ring-or wall-shaped protrusions( Fig. 2(d) ) (7) . Fig. 3 schematically shows the formation process of conical protrusions with increasing sputter-etching time and damage and decay processes to the ring-shaped protrusions by excess sputtering (7) . Vol. 4, No. 7, 2010 Fig. 3 Schematic formation and grow processes of conical protrusions (a, b) , surface damage of protrusion by excess sputtering (c), and decay of the protrusions to form ring-shaped protrusion(d) with increasing sputter-etching time (7) .
Results and discussion

Formation of protrusions
As is explained in the previous paper (3)(4)(6) (7) , the origin of the conical protrusion is a carbide that is formed on the surface. Without sputter-etching, the carbide precipitation along grain boundary needs long time keeping to a high temperature as is typically observed for an austenitic stainless steel. The fast and uniform formation of protrusions also in grain by sputter-etching is controlled by a large number of vacancies generated near the surface at high temperature during sputtering, which may accelerate the diffusion of carbide-forming elements, Cr and C, from the interior of specimen to the surface. It grows to a certain size as long as the carbide forming elements are supplied from the interior of substrate ( Fig. 3(a) ) . However, because the carbon content of stainless steels is small, the carbide cannot grow to a large size. Although the protrusion grows to a large size by continuous sputtering (Fig.  3(b) , it is no longer a carbide but has double structures, i.e. the surface is 34.5%Ni-2.2%Ni-Fe alloy and the interior is 21%Cr-7.6Ni-Fe alloy similar to substrate composition of 16%Cr-8.0%Ni (6) . In some case, there remains a carbide on the top of conical protrusion that might have a masking effect for the formation of protrusion. With further sputter-etching, the supply of Cr is insufficient and the outer surface is damaged by sputtering and many holes are formed on the surface (Fig. 3(c) ). This stage corresponds to the protrusions in Fig. 2(c) . Finally, the top part of protrusion is removed and only the wall remains to form ring-shaped protrusion ( Fig. 3(d) ). This stage corresponds to the protrusion shown in Fig. 2(d) .
Deformation of protrusions by tensile test of substrate
The deformation characteristics of conical or ring-shaped protrusions formed on the type 304 stainless steel during tensile and bending tests have been already reported in detail (7) , so only another test result on the same steel sputter-etched for 1.8ks is exhibited here. Fig. 4(a) shows the elongated conical protrusions in the tensile direction due to the deformation of substrate (nominal fracture strain is about 0.63). spite of a large deformation of substrate. The reason for the high adhesion of protrusions to substrate is that the protrusion grows from the interior of substrate. This has been confirmed by removing the surface area including a protrusion by using a focused Ga ion beam apparatus (4) . Fig. 4 Deformation of protrusions on the surface of type 304 steel specimen after tensile test. Near the fracture part (a) and just at fracture part (b). Figure 5 (a) and (b) show the protrusions and the surface of rod after the press test for the type 304 steel sputter-etched for 1.8ks. The tips of the protrusions are heavily damaged and flattened. In addition, there appear wrinkles near the tip of protrusion, which suggests that the interior of protrusion is not so hard and the buckling-like deformation of surface layer of protrusions occurs. At the same time, there appear many deep holes on the rod in spite that the Brinell hardness of the rod is 65 and is much harder than pure aluminum. after press test.
Deformation of protrusions by press test
It is difficult to calculate the true force applied on each protrusion because the height and size of the protrusions are much different each other. However, a rough estimation from Vol. 4, No. 7, 2010 the press load (4000N) and the density of protrusions or holes gives an average force to one protrusion of about 2mN. If a typical diameter of the flat area of the top of protrusion is 2µm from Fig. 5(a) , the stress on the top area at maximum press load of 4000N is about 600MPa. This value is not exact but it is apparent that the strength of each protrusions is relatively large. Figures 6 (a)-(d) show examples of deformation of protrusions by a micro-scratch test for the type 420 steel sputter-etched for 5.4ks. The total scratch distance is 5mm, and Fig.  6(a) shows the deformation of protrusions when the scratch distance is about 1/3 of the total distance. Fig. 6(b) shows the protrusions just after the start of scratching, where only the top part of the cone is deformed. Fig. 6(c) and (d) show the deformation when the scratch distance is about 3/4 of the total distance. The conical protrusions are pulled down with large plastic deformation after the pass of the scratch cone, but they are not cracked. Vol. 4, No. 7, 2010 There appear wrinkles on the surface of protrusions as is indicated by an arrow in Fig. 6(d) , which again corresponds that the protrusion has double structures of Cr-rich surface and soft interior. Figs. 7(a)-(d) show a series of deformation of the protrusions for type 303 steel sputter-etced for 2.7ks. Fig. 7(a) shows the deformation at the start of scraching, and Fig. 7(d) coresponds to that at the end of scratching. In this case, the shape of the protrusions has already changed from conical to ring-shaped due to a long sputter-etching time. Because the height of protrusion is low and the distance between each ring wall is small, the scratch cone crushes the walls to make a rather smooth track. Figure 8 shows the relationships between the scratch distance and the penetration or friction force obtained for the conical protrusions of type 304 steel in Fig. 6 and the ring-shaped protrusions of type 303 steel in Fig. 7 . The friction force increases with increasing scratch distance or penetration force, but there is a large change in the friction force reflecting a discontinuous contact of scratch cone to the protrusions. In the case of conical protrusions, the maximum force just before the scratch cone reaches the substrate was about 40mN, which corresponds to the force when a large protrusion shown in Fig. 6 is pull down from its root. On the other hand, for the ring-shaped protrusions shown in Fig. 7 , the change of the friction force is rather small and the maximum friction force corresponds to Fig. 7(d) is about 20mN. This value is smaller than that for the conical protrusion corresponding to small height and narrow distance between each ring wall. 
Deformation of protrusions by micro-scratch test
Conclusions
Sputter-etching was applied to type 430 ferritic stainless steel, type 303 and 304 austenitic stainless steel and type 420 martensitic stainless steels to form conical or ring-shaped protrusions on the surface. The tensile test of substrate with protrusions, the press and scratch tests of protrusions were carried out to examine the strength of protrusions that is important for the mechanical uses. The tensile test shows that the conical protrusion is ductile, and the delamination and dropping out of the protrusions from substrate never occur before fracture of the substrate. The press test of the protrusions reveals that the conical protrusion is so strong to form deep hole on the counter rod of aluminum alloy although the tip of the protrusion is flattened. The scratch test of the surface with conical protrusions shows a large change of friction force with increasing scratch distance, whereas relatively small change of friction force for the ring-shaped protrusions due to a smaller height and a narrow space between each ring wall. The maximum scratch force for a typical conical protrusion is about 40mN.
